Moisture ratio
Introduction
Medicinal herbs are globally prepared and used by human beings. Peppermint (Mentha piperita L.) is an important, widely-used aromatic medicinal plant [1] . As a medicinal plant, peppermint leaves should be dried in order to be ready for storage and consumption [2] . The drying process helps reaching two goals: first its inhibits the growth of microorganisms, and, second, it facilitates the storage and transportation of these plants [3, 4] . Drying accounts for the highest energyconsumption in the food industry [5] . This is due to the high latent heat required for water vaporization and also the thermo-physical properties of the drying materials [6] . Therefore, developing an efficient drying method is essential for energy utilization and conservation [3] . Plants can be dehydrated by a variety of methods. The hot-air drying technique is a widely-applied drying technique thanks to its simple implementation, low requirements for investment and operating costs [7] . This technique, however, have high thermal energy requirements with a long drying time, which changes the dried product in an undesirable manner [8] [9] [10] . Accordingly, the last decade was marked with several efforts in researching and developing alternative drying techniques for agricultural products [8, 11] . The infrared technology is practically an alternative method. It is mainly adopted due to its adaptability, equipment simplicity, fast heating and drying, inexpensive and uncomplicated installation and use. Infrared drying is widely-applied as an alternative technique for drying fresh agricultural products [12] . In infrared drying, the electromagnetic energy collided with and infiltrated into the samples, where it turned into heat [5, 7, 13, 14] . The moisture reduction process in the hot-air drying technique is as follows: The ambient heat migrates to the food surface through convection, and penetrates through the inside of food by conduction. Thus water migrates from the inner parts of the food to the interface between air and food through diffusion. It also reaches the air stream from the interface through convection [15] . Infrared radiation heating has more advantages than the hot-air technique such as better energy efficiency, and higher rates of heat transfer and flux. Thus the former has a shorter drying time and a faster drying rate [7] . It is suitable specifically for samples with thin layers, which have a large surface area exposed to radiation [12] . Moreover, infrared drying consumes up to 50% less energy than convective drying [16] .
To integrate experimental knowledge from research on food drying into industrial applications, drying kinetics should be modeled mathematically. A mathematical model can be also used to optimize the management of parameters in practice and to predict the performance of a drying system [17] . Drying involves complex thermal processes in which mass and heat are transferred simultaneously, in a coupled manner and unsteadily both inside and on the surface of a sample. Accordingly, one should have a thorough understanding of the control parameters in this process [18, 19] . In the literature, the drying behavior is described through three mathematical models:
theoretical, semi-theoretical and empirical [3, 17, 18, 20] . An understanding of the underlying phenomena and mechanisms of the drying process helps develop different theoretical models [21] . In Liu et al. [8] , Karim and Hawlader [22] , and Goula et al. [23] , both theoretical models and computational simulations were applied to as a means to predict drying curves of different products. They stated that theoretical results were in good agreement with experimental outputs. Theoretical simulations are realistic and are able to explain the phenomena that occur in the process. On the other hand, these simulations are hard to carry out and require a great computing time. This is because diffusion equations governing the process are very complicated [24] . Empirical models can be developed from the direct correlation of moisture content (MC) with the drying time, without taking principles of this process into account [3] . Accordingly, empiricallydeveloped models can predict drying curves for real-world settings. Their parameters, however, do not have any physical bearing and fail to accurately explain the important process phenomena [25] . As a trade-off between theory and convenient application, semi-theoretical models are extracted from simplified Fick's second law of diffusion or they are derived by modifying any simplified widely-used model [26] .
The literature review showed few studies on drying kinetics and mathematical modeling of peppermint [2, 21] . The aim of this work was to examine the drying behavior of peppermint leaves by hot-air and infrared drying methods and to find the best drying model that explains the hot-air and infrared drying of peppermint leaves. Also, the effective moisture diffusivities and activation energies of both processes in drying peppermint leaves were determined.
2.
Materials and methods
Material preparation
Fresh peppermint leaves were harvested freshly before each series of experiments from the research field of Ferdowsi University of Mashhad, Iran. Leaves were selected based on visual assessment of their uniform color and size. Leaves were always picked in the morning after morning dew has dried. Peppermint leaves were kept in cooled bags before reaching the laboratory. Initial MC of samples was determined by drying three 30 g samples of fresh leaves in an electric convection oven at 105°C for a total period of 24 h [27] . Their initial MC was 82.17 ± 0.2% (w.b.). The thick stems of samples were precisely cut before experiments.
Drying equipment
For this study, a prototype dryer was developed in the department of biosystems engineering, Ferdowsi University, Mashhad, Iran. Fig. 1 schematically shows the study dryer. It consisted of a drying chamber, control units for air flow, temperature and infrared radiation, an electric heater, air inlet and outlet ducts, an air filter, and an electrical fan. The drying chamber was made of sheet aluminum with a 0.5 L Â 0.5 W Â 0.4 H m 3 cavity and a front door for handling the sample tray.
Its outer surface was completely insulated to prevent ambient heat losses. The incoming air was preheated using an electric 2000-W heater at the inlet duct. The heater power-control unit was used to adjust air temperature. The temperature inside the drying chamber was continuously monitored by a thermocouple (type K, ±1°C) which was embedded in the control component. Air was directed through a series of electrical resistance heaters to reach higher temperatures and was then redirected towards the drying chamber. The drying air flows horizontally over the samples in this configuration. A blower creating axial flow and a module for controlling its rotation speed were used to adjust air velocity. A digital hot wire anemometer (TESTO 425, ±0.03 m/s, made in Germany) was used to measure the air velocity. There were three 250-W infrared lamps (Philips, made in China) mounted on the upper side of the drying chamber. The height of lamps was adjustable using height adjustment screws. Their infrared radiation intensity was regulated using an autotransformer.
A solarimeter (Casella 187010b-02, made in the UK) was employed to measure the infrared radiation intensity. A digital scale (AND, GF 6000, made in Japan) with a repeatability of ±0.01 g was put under the drying tray and was linked to a computer and its related software in order to capture and record weight outputs at fixed 1 min intervals.
Drying experiments
Different airflow velocities at three levels of 0.5, 1 and 1.5 m/s and temperatures at three levels of 30, 40 and 50°C were selected for hot-air drying experiments. Moreover, different levels of radiation intensity (1500, 3000 and 4500 W/m 2 ), emitter-sample distance (10, 15 and 20 cm) and airflow velocity (0.5, 1 and 1.5 m/s) were employed for infrared drying. The air temperature and airflow velocity values were selected based on the available research literature on industrial air drying applications, particularly on the drying of leafy vegetables and medicinal plants in thin-layers [14, 28] . As a rule of thumb, low temperatures should be used for drying these products (i.e. 30-50°C) in order to obtain an optimized product quality [20] . Prior to each experiment, the dryer was left idle for a period of about 30 min to provide a steady state based on predetermined experimental drying conditions [8] . For each treatment, 200 ± 1 g of the leaves were spread uniformly in a thin-layer on a perforated aluminum tray (40 Â 40 cm). Drying was terminated once sample MCs reached the target 10% (w.b.). All the drying treatments were conducted in three replications. Drying curves were then drawn using mean moisture ratios at each time point.
Mathematical modeling
The drying data of peppermint leaves were fitted into three semi-theoretical thin-layer drying models (see Table 1 ), which are widely employed for determining the drying curves. The dimensionless moisture ratio (MR) of peppermint leaves was given by Eq. (1) [29] :
where M t , M 0 and M e are MC at any given time, initial MC and equilibrium MC (% w.b.), respectively. For longer drying times, M e is fairly smaller than M 0 and M t , and Eq. (1) can be simplified to Eq. (2) [12, 20, 30] :
Data were analyzed in SPSS 22 (IBM SPSS Statistics, IBM Corporation, Armonk, NY, USA) using non-linear regression analysis and thus the model coefficients were determined. The goodness of fit of the models was determined through statistical parameters, e.g. the reduced chi-square (v 2 ), coefficient
, and root mean square error (RMSE) between experimental and model data. The model's goodness of fit can be indicated by having high coefficients of determination and low values for v 2 and RMSE [19] . The R 2 value was determined using Eq. (3) [3] , and v 2 and RMSE parameters were computed using Eqs. (4) and (5), respectively [19] :
where MR exp and MR pre are dimensionless moisture ratios, respectively, obtained from experiment and modeling, N is the number of observations, z is the number of constants in a model and i is the number of terms.
Determination of effective moisture diffusivity
As a key transport feature when modeling the drying process for various agricultural materials, the effective moisture diffusivity is a function of drying temperature and product MC [18] . For samples having slab geometry, Fick's diffusion equation was applied to determine this parameter using the method of slopes [31] . The peppermint samples were considered having a slab geometry due to their flat surface and less than or equal to 0.25 mm thickness. The equation was as follows [19] :
where D eff stands for the effective diffusivity coefficient (m 2 /s), L is half of the thickness of the sample (m), n can be a positive integer, and t shows the duration of the drying process (s).
In case of longer drying times, Eq. (6) can be shortened to Eq. (7) which includes only the first term of the series. This would have no considerable effect on prediction accuracy [12] .
The effective moisture diffusivity can be extracted from a diagram showing the drying data from the experiments as ln (MR) against time. From Eq. (7), the ln(MR)-time diagram would present an inclined line with its slope (K) given by the following equation [2] :
The effective moisture diffusivity is also determined using this equation.
Computation of activation energy
Bonding potential of moisture in non-dry materials is a main player in determining, their drying characteristics. The bonding potential of moisture is quantified by the value of activation energy, which is the energy required for eliminating 1 mol moisture from the substance with constant compositions and given MC [32] . The activation energy of the hot-air technique is obtained from the simple Arrhenius equation, as follows [9, 18] :
where T is the drying air temperature (°C), R is the universal gas constant (8.314 Â 10 À3 kJ mol À1 K À1 ), D 0 is the pre-exponential factor of the Arrhenius equation (m 2 /s), and E a is the activation energy (kJ/mol). Eq. (9) can be rearranged into the form of Eq. (10):
E a is derived from the slope of a straight line when ln(D eff ) is plotted against the multiplicative inverse of absolute temperature (1/(T + 273.15)). A modified form of the Arrhenius equation was used as it is impossible to accurately measure infrared drying temperature (Eq. (11)) [12] :
where m is the sample weight (g), E a is the activation energy (W/g), and P is the infrared output power (W).
Results and discussion

Drying curves
The time requirements for drying peppermint leaves under different conditions of this study were given in details in our previous work [33] . Graphs of experimental data from drying peppermint leaves using the hot-air technique with different temperatures (30, 40 and 50°C) and airflow velocities (0.5, 1 and 1.5 m/s) were analyzed in terms of reduction in moisture ratio (MR) with drying time (Fig. 2) . This is because MR curves are better in explaining the drying behavior of products than MC curves [3] , as the starting MR for all experiments was set at one. The shape of hot-air drying curves for peppermints is similar to that for other hot-air-dried food materials. This shows moisture removal of samples is faster during the early stages of the drying process, which decreases as the drying time increases. MR continued to decrease over the drying time. From falling MR values it can be concluded that diffusion can probably control the internal moisture transfer [34] . That is, no constant-rate drying interval was observed in the exponential curves as all the drying experiments followed a falling rate. This suggests that internal diffusion was the dominant process for controlling mass transfer [19] . Results were in accordance with the findings reported by Doymaz [18] , Khazaei et al. [20] and Ben Haj Said et al. [31] for hotair drying of persimmon slices, avishan leaves and rosy garlic leaves, respectively. As typical of all thermally activated processes, the slope of the drying curve increased at higher temperatures and, consequently, the required drying time before reaching the target MC decreased. In fact, water molecules moved faster at higher heat transfer rates caused by an increased drying temperature. This, in turn, accelerated moisture movement inside samples [19] . Similar results were reported in the literature on other bio-products [4, 35] . ANOVA [2] results showed that the temperature had the most significant effect on drying kinetics (p < 0.05) of samples. Airflow velocity had the second most significant effect. As shown in Fig. 2 , drying curves became steeper with increasing airflow velocity. Higher air velocities led to faster drying by improving convective heat and mass transfer coefficients between the sample and its ambient air [36] . These findings are supported by other authors [19, 20] . Effects of ambient temperature and airflow velocity on the drying kinetics became negligible at the later stages of drying when water movement inside sample became difficult, and mass transfer became a limiting factor. There are numerous factors hindering the mass transfer process including solute concentration, crust formation and product hardening [4] . Infrared drying curves of peppermint leaves dried under different settings are given in Fig. 3 . During drying, the moisture removal rate decreases and triggers the falling-rate period. There was no period with constant moisture removal rate under all experimental conditions. This is mainly due to the fact that the sample had no constant supply of water during the whole process [30] . The MR reduction followed an exponential trend during drying for all scenarios (Fig. 3) . The effect of infrared radiation level on MR of samples was significant (p < 0.5) as predicted (Fig. 3) . At both constant airflow velocity and emitter-sample distance, MR decreased faster when infrared radiation level raised. This result is in agreement with those reported in the literature [30, 37] . This is because higher infrared radiation levels have higher infrared energy, which consequently increases temperature and vapor pressure of the sample MC and eventually, its moisture removal rate [30] . Airflow velocity also was effective in drying characteristics of peppermint leaves. The infrared drying results showed that, unlike hot-air drying, MR decreased faster with reducing the airflow velocity, at similar infrared radiation intensity and emitter-sample distance. Results of Sharma et al. [14] support these results. Increases airflow velocity accelerated the cooling effect that reduced the product temperature. Less mass transfer was a result of reduction in vapor pressure or driving force of the moisture [37] . At similar infrared radiation intensity and airflow velocity, MR reduction becomes faster when the infrared emitter is placed closer to the sample. As the sample-radiator distance increases, the heat radiation hits the sample surface but does not penetrate effectively into the inside of the leaves. Therefore, the absorbed energy of the moisture inside the sample leaves decreases dramatically [8] . Accordingly, moisture removal rate decreased by increasing the distance between infrared emitter and sample. That is, the distance had a significant effect on moisture evaporation from the samples. The results displayed that the radiation distance had a larger effect on drying kinetics of peppermint leaves than airflow velocity. In sum, it is fair to conclude that infrared drying of peppermint leaves using a smaller emitter-sample distance, higher infrared radiation intensity and lower airflow velocity enhances moisture removal leading to effective dehydration.
Mathematical modeling of drying curves
As discussed earlier, the MC results from all experiments were converted to the MR, and after that curves were fitted into drying time of three drying models from the literature (Table 1) . Table 2 lists the results obtained from analyzing these models for hot-air drying. Table 2 presents all the models with acceptable R2 (more than 0.98) under all drying conditions, whereas the highest R 2 values belonged to the Logarithmic model. At the same time, the lowest RMSE and chi-square values also belonged to this model. Hence, amongst the applied models, the Logarithmic model was Table 2 -Results of statistical analysis on the models for moisture contents as a function of drying time for the hot-air dried peppermint leaves. According to this figure, most of the predicted data were focused around a straight line. This shows the suitability of the Logarithmic model for explaining the kinetics of drying peppermint leaves using the hot-air drying method. This is in agreement with the previously published research results showing the capability of the Logarithmic model in explaining the drying behavior of different natural materials, for example jujube slices [16] , betel leaves [35] and banana slices [38] . In infrared drying process, these three mathematical models, shown in Table 1 , were also fitted into the drying data. Estimation results for different parameters as well as statistical data are given in Table 3 Midilli model has been used by other researchers to explain infrared drying of sea cucumber [9] and peach slices [12] .
Models
Effective moisture diffusivity
The effective moisture diffusivity (D eff ) of foods represents their intrinsic moisture mass transfer characteristics consisting of different parameters like liquid diffusion, molecular diffusion, hydrodynamic flow, vapor diffusion and other mass transport mechanisms [10, 13] . Fig. 6 [19, 31] . Expectedly, values of D eff increased as the drying temperature rose. This was due to the increase in vapor pressure of samples that accelerated moisture transfer at higher temperatures. By drying peppermint leaves at a higher temperature, the heating energy increases leading to increased activity among water molecules. As a result, higher D eff values can be obtained [19] . Using higher airflow velocities at all drying temperatures leads to higher D eff values. This might be due to lower vapor pressure as a result of higher airflow velocity, which in turn reduces the resistance to evaporation. These are in agreement with the literature findings that reported D eff increases with increasing the drying temperature and airflow velocity [31] . The lowest D eff occurred when using an airflow velocity of 0.5 m/s at 30°C; whereas its largest value was reported when using 50°C drying air flowing at 1.5 m/s. These results showed that higher air temperatures and velocities are preferred for drying peppermint leaves when using hot-air drying under given experimental settings. This is mainly due to the fact that D eff values are relatively higher. The air temperature effect on D eff of peppermint leaves was more than that airflow velocity. Using multiple regression, D eff values were correlated to air temperature (T) and airflow velocity (V) through the following model:
The calculated D eff values for peppermint leaves under infrared drying process are shown in Fig. 7 . As shown, these values range between 3.312 Â 10 À11 and 5.928 Â 10 À11 m 2 /s. It can be seen from Fig. 7 that, D eff increased when infrared intensity increased at a constant airflow velocity and a constant distance between emitter and sample. This can be caused by increased infrared radiation intensity levels that rapidly raised sample temperature. As a result, vapor pressure also increased, bringing about faster drying [12] . Research on button mushroom slices [5] also showed the similar effects of infrared intensity on D eff . As shown in Fig. 7 , D eff was enhanced at lower emitter-sample distances under constant airflow velocity and infrared radiation intensity. Findings suggested that increasing airflow velocity under constant infrared radiation intensity and emitter-sample distance would lessen D eff . This is due to the fact that faster airflow cools down the sample surface while sample's inside temperature remained relatively higher than the surface and surrounding air. This results in negative temperature gradient [13] . Airflow velocity has been reported to have a similar effect on D eff during infrared drying of longans [37] . For infrared drying, the lowest D eff was recorded at airflow velocity of The D eff values from this research were within the overall range of 10 À12 to 10 À8 m 2 /s for drying biological materials [18] . D eff was reduced as the drying time was extended.
Accordingly, the largest D eff values belonged to infrared drying experiments. This is mainly because drying is completed in much shorter time in an infrared dryer than in a hot-air drying system. Therefore, the infrared drying method performed more efficiently in drying peppermint leaves than hot-air drying. This finding is in agreement with the results obtained from previous research on sea cucumber [9] and jujube slices [16] .
Activation energy
In hot-air drying, the activation energy was found to be 27. [41] . In general, the activation energy, when drying food and agricultural products, ranges between 12.7-110 kJ/mol [42] .
The computation results showed that in the infrared drying, the values of activation energy for peppermint leaves varied from 0.206 to 0.439 W/g for different air velocities and emitter-sample distances (Fig. 8) . It is clearly seen that, unlike in the hot-air drying, activation energy values generally decreased with increasing air velocity in the infrared drying. In Fig. 8 , the values of activation energy were plotted versus air velocities and distances between emitter and sample. The multiple regression analysis was used and the equation of fitted model and corresponding R 2 were found to be as follows: In our research, it was found that the activation energy for infrared drying was noticeably lower as opposed to hot-air drying. This indicates that the energy requirement for samples dried by infrared drying is significantly less than those dried by hot-air drying.
Conclusions
The drying kinetics of peppermint leaves in two drying methods of hot-air and infrared were analyzed and modeled. In both drying methods, moisture removal was observed during the lessening-rate period and not during the constant-rate period. This implies that internal diffusion controls the moisture removal from the samples. The efficiency of infrared drying was better than that of hot-air drying thanks to the higher drying rate of the former. The drying data was fitted into different models, namely; Lewis, Logarithmic and Midilli. Statistical analyses showed that the Logarithmic and Midilli models, which had higher R 2 values and lower v 2 and RMSE values, were the best models for predicting the drying characteristics of hot-air-and infrared-dried peppermint leaves, respectively. To gain a deeper insight about the mass transfer mechanism of peppermint leaves during drying process, the effective moisture diffusivity (D eff ) was also determined. /s for hot-air and infrared drying, respectively. In hot-air drying, the value of D eff was obtained to be larger at hotter temperatures and higher airflow velocities. In infrared drying, however, increasing infrared intensity and decreasing airflow velocity and emitter-sample distance led to higher D eff values. The energy required to activate the moisture transfer from the inside of the leaves throughout the infrared and hot-air drying processes were in the range of 0.206 to 0.439 W/g and 21.476 to 27.784 kJ/mol, respectively. This study contributed to the literature by presenting useful insights on industrial drying of peppermint leaves. Before commercialization, further research is required to analyze the drying kinetics in the combined system of hot air and infrared drying within the experimental range of this research.
